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The status of coupling the fluid 3D turbulence code BOUT and the fluid plasma/neutral 2D transport code
UEDGE is reported, where both codes simulate the edge region of diverted tokamaks from several cm inside
the magnetic separatrix to the far scrape-off layer (SOL), thereby including the magnetic X-point. Because the
characteristic time scale of the turbulence is shertl()~> — 10~* s) and the profile evolution time scale can

be long & 1072 — 10™* s owing to recycling), an iterative scheme is used that relaxes the turbulent fluxes
passed from BOUT to UEDGE and the profiles from UEDGE to BOUT over many coupling steps. Each code
is run on its own characteristic time scale, yielding a statistically averaged steady state. For this initial study,
the ion and neutral densities and parallel velocities are evolved, while the temperature profiles are stationary.
Here the turbulence code is run in the electrostatic approximation. For this example of self-consistent coupling
with strong L-mode-like turbulence, the ion flux to the main-chamber exceeds that to the divertor plates.

1 Introduction

In tokamak edge plasmas, the profiles of mean particle density, momentum, and energy are often strongly in-
fluenced by plasma turbulence that produces enhanced radial transport. In turn, the turbulence is driven by the
plasma gradients that are partially determined by the enhanced transport. Suppression of the turbulence for large
injected core power gives rise to an edge transport barrier with improved core confinement, the so-called H-mode.
A predictive model that describes the profile/turbulence interaction, and the conditions that give rise to the tran-
sition from the more turbulent L-mode to the H-mode, requires self-consistent coupling of the turbulence and
transport models.

A substantial time-scale separation can exist between the characteristic time of the turbulence and the plasma
profile adjustment that includes recycling of ions into neutral gas at surfaces. Thus, we illustrate a method of
coupling the 3D fluid turbulence code BOUT [1] and the 2D transport code UEDGE [2] where each system is
evolved on it own characteristic time scale via an iterative coupling that utilizes a relaxation procedure [3]. The
coupling can yield a statistical steady-state in an efficient manner since the long time-scale transport code runs
very fast compared to the short time-scale turbulence code. The common UEDGE/BOUT mesh in the poloidal
plane is shown in Fig. 1, which facilitates the coupling.

The calculations presented provide a first step in developing a self-consistent edge-plasma simulation model
through coupling the radial ion particle flux and the resulting long-time density profile. Since the neutral particles
can play an important role in the profile evolution, we utilize the fluid neutral model within UEDGE to maintain
consistency of the neutral density spatial variation.

The paper presents the simulation model in Sec. 2 and sample results in Sec. 3. A discussion of the implications
and future directions of this work, along with a summary, is provided in Sec. 4.
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2 Equations and coupling algorithm

2.1 Transport equations

The transport code evolves the toroidally symmetric component of the ion and neutral deNsiged {V,) and
the associated parallel velocitiég { andV/,). The ion and neutral density\() continuity equations are

O £V (NiVi) = S, @

wherek = i for ions andk = ¢ for neutrals. The source/sink terms from ionization and recombination for
ions and neutrals just balandss., S,; = - Sp,. The plasma quasineutrality demands very nearly equal ion and
electron densitiedy; = N., which is valid for low-frequency turbulence and transport time-scales; thus, we use
N; and N, interchangeably for cases with hydrogen ions only. $hesource terms (and thus neutrals) are only
explicitly included in the transport code because the associated collision time in the main chamber is in the range
of 10=* — 103 s for this simulation, which is much longer that the growth rate of the turbulend®t{® s).

The ion and neutral parallel momentum dengi,m V) ;) equations are,

8NkmkVHk
ot

Heremy is the massP, = N7} is the pressurey;, = e is the charge for a deuterium ion. For the ions
(k =1), By = =V P./(eN;) is the electric field, andz; is the friction force [4]. For the neutrals, we take
49 = Ry = 0, Fjy = myNyve(Vj, — V), an equal, but opposite term appears in the compoAgntin
addition to the ion-electron contributione., Fj; = —Fjj, + (V - IT)||, wherell is the ion stress tensor [4].

The cross-field radial ion velocity comes from BOUT turbulent fluxes by calculating an effective diffusion
coefficient,D;, via the relation

V- (Nemg Ve Vi) = =V Pr + e Ne B — Fjp — Ry 2

D; = max[-T,./(dN;/dr),0.01] (m?/s), (3)

wherel,. is the toroidal and time average of the BOUT particle flux, amithe radial distance normal to a flux
surface. UEDGE then uses the consistent radial veldGity= —(D;/N;)dN;/dr. The max function removes
any regions of negativd);, which occurs occasionally. Negativg can be resolved by using a convection term,
i.e, ', = V,..N; to represent at least a portion of the flux. However, for this initial study, we have found the
diffusion formulation to be most robust.

For the neutrals, the cross-field velocities come from the inertialess momentum equation including charge-
exchange and ionization, yielding

Vig = —[Ty/(mgNyvy)]V LN, (4)

whereT) is the neutral temperature (usually seflt9, andy, is the sum of the charge-exchange and ionization
collision frequencies. In order to prevent unphysically large velocities in low collisionality redigns.is flux
limited such that it cannot exceed the neutral thermal velog@ty/m,)'/2.

The ion and electron temperature profiles are fixed and set equal throughout the iteration, although UEDGE
can evolve these, which will be done in the future. The profiles are typical of those found for full transport
modeling with fixed transport coefficients. In the radial directi®h, fall from 180 eV at core boundary to
50 eV at the separatrix, and decrease further to 12 eV at the outer wall. In the poloidal direction, just outside the
separatrix,I% ; fall from a maximum of 50 eV at the outer midplaneo15 eV at the divertor plates. At the
platesT, ; decrease away from the separatrix to 4 eV at the private-flux and outer walls.

2.2 Turbulence equations

It is well known that the edge-plasma profiles given rise to various low-frequency instabilities [5], and that the
resulting turbulence drives cross-field transport well in excess of that collisional transport. Here the turbulence is
simulated by the 3D BOUT code [1], which utilizes a fluid description based on the Braginskii equations [4]. The
details of the BOUT turbulence equations are given in Ref. [1]; here we only enumerate the equations solved. The



ion continuity and parallel momentum equations described in Sec. 2.1 are used without the neutral source terms;
lower-case symbols are used to denote fluctuating quanttigsfor the density,N; — n;. In addition, there

are equations for the electron parallel momentum with inertia, the plasma vorticity (via the current continuity
equation), and separate ion and electron temperature equations. For the electrostatic limit used in this paper,
there are six fluctuating field quantities;, v;, v)., ¢, t., andt;, whereg is the electrostatic potential. The
electromagnetic version of BOUT [1] includes an additional equation for the parallel magnetic vector potential.

2.3 Coupling algorithm and time scales

The coupling between the transport and turbulence is accomplished through an iterative scheme of the type
described in Ref. [3]. The total density (IV; +n;) is the sum of the slowly evolving, toroidally averaged density

and the faster fluctuation density. The characteristic time for the slow toroidal average to change iscalled
while the corresponding time for the turbulencesigr; < 7). For the slow transport density, we solve

AN
at

wherem is the iteration index, an; ,.(T., N.) are the hydrogen ionization and recombination rate coefficients,
respectively. The radial plasma flux across flux surfaces is obtained from the turbulence simulation as

+ V- NV + T 1) = K;N'N;* — K,.N/"N" (5)

F;n71 = (1 - al)FT*Z + aq <TL¢UM>m71, (6)

whereq; is a relaxation parameter in the range [0,1], and the angled brackets denote a double average over the
toroidal direction and time for a periadl.
The density profile used in the turbulence code to generate th&’flax is likewise a relaxed combination of
previous profilesi.e.,
Nztmil = (1 — Oé())NémiZ + Oz()Nirnil. (7)
Hereqy is a second relaxation parameter. We also pass the turbulence code a relaxed parallel Vfgfﬁdity,
The iteration loop is completed by the using UEDGE to obf¥ji from Eq. (5).
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Itis typical for the transport timey, to be much longer that the turbulence time, Thus, it is possible to ob-
tain substantial savings in simulation time to find a self-consistent steady-state by running each system (transport
and turbulence) on their own characteristic times. For the system analyzed here, we show the characteristic times
from actual simulation results in Fig. 2. The dotted line shows the initial growth and saturation of the fluctuating
potential averaged radially and toroidally at the outer midplane, yielding an estimate-a® x 10~° s using the
e-folding time of the initial fluctuation level. However, a somewhat longer time is obtained if one uses the oscilla-
tions in the saturated spectrum observed at the end of the dotted curve, yigldingx 10~° s. The solid curves
in Fig. 2 show the change in the transport density,at several locations by solving only the transport equations
starting from theV;"=3 profile, but using the later fluk”*=? (to clearly show substantial evolution). Steady-state
for the transport profiles indicates thgt~ 102 s. In the simulations to follow, we allowy — 1 s, since there
is little added computation cost in extending this time range with the implicit time-integrator in UEDGE.

3 Simulations results

As an example of the coupling procedure, we consider the configuration from the DIII-D tokamak for discharge
107404 shown in Fig. 1. The interior boundary has a poloidal magnetic flux of 0.9 normalized to that on the
separatrix, and the outer wall has a flux value of 1.1. The core-edge deuterium density & 3et t®'° m—3,
and the correspondiriy ; = 180 eV. The particle recycling coefficient on the divertor plateRjs= 0.98, while
on the outer wallR,, = 0.90; the lower value on the wall is to indicate that the wall may do some pumping and
regions of it are quite remote from the outer flux surface in the simulation domain. The ion density is given a
2 cm radial scale-length at the private-flux and outer walls.

In addition to the effective diffusion coefficient obtained from the turbulent fiyxjn Eq. (3), we add a small
auxiliary diffusion coefficient to the core region that decreases linearly from ¥ <atthe core boundary to zero
at the separatrix. This auxiliary term was added to provide a reasonable density profile near the core boundary
during the initial stages of the iterations; it may not be needed for the later stages, and it only affects the results
at the inner 1/2 of the core region.

The relaxation parameters used age= 0.5 for NV;, while for D;, we usen; = 0.5 for iterationm < 4 and
a1 = 0.25 form > 4. The turbulence code is run for a timemgf= 50 — 100 us for each iteration, with the range
of 11 caused by variations in the BOUT time step for a fixed CPU time. The total time simulated over the nine
BOUT runs corresponds t0 us, still much less than the transport timergf= 10 ms. Each BOUT iteration
takes 8 hours using 64 processors on a parallel computer utilizing 667 MHz CPUs. The UEDGE iteration time is
negligible, typically less than a few minutes on 1 CPU.

The radial density profiles obtained at the outer midplane for 9 iterations are shown in Fig. 3a. The corre-
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sponding diffusion coefficients are plotted in Fig. 3b. For the first two iterations (m=1,2), a linear constraint was
used for theD; profile forr > —0.2, but no constraint was used for > 2. The initial case withn = 0 used a
constant value oD; = 0.2 m?/s. Note that diffusion coefficient in Fig. 3b shows a strong increasefer 4,

but then relaxes successivelyrto= 9. The density profiles show a weaker variation with iteration number. The
interaction appears to be converging, but there are occasional events such asseendftihat can recur.

The final (n = 9) density and diffusion coefficient profiles are shown in Figs. 4a,b. For these diagnostic plots,
we use the poloidal coordinate along the separatrix and the radial coordinate at the outer midplane; thus, the
proper proportion on the main chamber and divertor regions is maintained, but some perspective in the private-
flux and X-point regions are modified. Because the private flux region can also give rise to some numerical
problems, we damp modes here; future work will seek to resolve this issue.

The diffusion coefficient in Figs. 4b clearly shows the strong ballooning character of the turbulent transport
over the outer midplane region where the common sign of the density and magnetic-field radial gradients favors
instability. HereD; peaks near the upper and lower X-points, which can be understood by the magnetic shear in
these regions that give rise to a peak in the perpendicular wavenumbeand thus the associated lafges/B
cross-field velocity [1]. The few isolated peakslii are the result ofl N; /dr becoming locally small in Eq. (3),
which indicates some limitation to the diffusive model as opposed to a mixture of diffusion and convection.
Nevertheless, these isolated peaks don’t have a significant influence on the overall solution.
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Fig. 4 The final (n = 9) profiles of a), ion density, and b), effective diffusion coefficidny,

Finally, we show the neutral density calculated throughout the simulation domain in Fig. 5 and the ion particle
flux for m = 0 andm = 9 cases in Fig. 6. The neutral density is determined self-consistently, with the recycling
of the ion flux to the divertor and outer walls providing the source, and the transport model described by Egs. (1-
2) for k = g giving the spatial distribution within the plasma. The recycling sources give rise to the maxima of
N, at the plate and outer wall boundaries. The ion flux to the outer wall in b) peaks near the upper X-point and
is large between this region and the lower X-point as expected from the broad pPaklown in Fig. 4b. The
integrated ion flux to the outer wall is 4.5 kA, while that to the two divertor plates is 1.7 KA.

4 Discussion and summary

We have presented an algorithm and shown the initial results of coupling the 2D UEDGE transport and 3D BOUT
turbulence codes. For simplicity, the direct coupling has involved only the ion density profile (from UEDGE) and
the associated radial particle flux (from BOUT), although UEDGE also evolves the parallel ion velocity and the
neutral density, while BOUT also calculates fluctuations in parallel velocities, ion and electron temperatures, and
electrostatic potential as part of the turbulence.

The results indicate that the iteration procedure approaches a quasi-steady-state, although substantial noise and
only a moderate number of iterations leaves a firm conclusion beyond the reach of this paper. These questions
will be addressed by continued work on this problem. What does seem clear is the strong transport in the region
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beyond the separatrix that increases toward the wall. This is qualitatively consistent with the observations and
modeling of strong transport for some tokamak discharges [6, 7, 8]. However, our coupled simulation does not
provide any information on what conditions lead to this strong radial transport. On the other hand, previous
BOUT simulations withad hocbackground profiles have also shown strong SOL transport [9], especially at
increasing plasma resistivity (highas, lowerTy).

Extension of the methods used here to other variables, notghl{. ; and¢, will be pursued. There should
be no direct increase in computation cost since the fluxes from these quantities are already available from the
present simulations, but have not yet be used in order to build an understanding of the simpler system coupled
here. Inclusion of the radial electric field inside the separatrix should allow formation of H-mode transport
barriers.

An additional aide in the coupling of turbulence and transport is to allow BOUT to provide its own background
by evolving the toroidally-averaged quantities. The BOUT portion of this strategy is illustrated in a separate paper
[10] in these proceedings. In fact, both in that work, and here, we occasiorally5(ms) observed a strong
localized increase in fluctuations in the core region, that then dissipate. The physical (or numerical) origin of
these fluctuations is being investigated. If these enhancements are physical, BOUT can be used to give the profile
response. However, for the long times 6 ms) associated with recycling and neutral profile adjustment, as
illustrated in this paper, coupling to a transport code appears an realizable and efficient solution.
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